Big Bounce Baryogenesis by Barrie, Neil D.
IPMU19-0169
Big Bounce Baryogenesis
Neil D. Barrie
Kavli IPMU (WPI), UTIAS, University of Tokyo, Kashiwa, Chiba 277-8583, Japan
Email: neil.barrie@ipmu.jp
Abstract
We explore the possibility of an Ekpyrotic contraction phase harbouring a mechanism for Baryo-
genesis. A Chern-Simons coupling between the fast-rolling Ekpyrotic scalar and the Standard
Model Hypercharge gauge field enables the generation of a non-zero helicity during the contrac-
tion phase. The baryon number subsequently produced at the Electroweak Phase Transition
is consistent with observation for a range of couplings and bounce scales. Simultaneously, the
gauge field production during the contraction provides the seeds for galactic magnetic fields
and sources gravitational waves, which may provide additional avenues for observational con-
firmation.
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1 Introduction
The origin of the baryon asymmetry of the universe is one of the most important mysteries of
particle physics and cosmology. The size of the observed baryon asymmetry is parametrized by
the asymmetry parameter ηB [1],
ηB =
nB
s
' 8.5× 10−11, (1)
where nB and s are the baryon number and entropy densities of the universe, respectively. To
generate this asymmetry, in a CPT conserving theory, the Sakharov conditions must be satisfied
[2]. The Standard Model has all the ingredients for producing a baryon asymmetry in the early
universe but it is orders of magnitude smaller than that required to explain observations,
necessitating the existence of new physics [3].
The Inflationary scenario is a well-established paradigm in standard cosmology due to its
success at solving various observational problems such as the flatness, horizon, and monopole
problems, as well as providing measurable predictions in the form of primordial perturbations
[4–7]. Many models have been proposed and significant effort expended in the pursuit of
experimental verification, but the exact mechanism for inflation is unclear [8]. An Inflationary
setting provides a unique venue in which Baryogenesis could occur, and has been an area of
interest in recent years [9–14]. One possibility is through coupling a pseudoscalar inflaton, φ,
to Standard Model gauge bosons through a Chern-Simons term [15–17],
φ
4Λ
YµνY˜
µν ,
φ
4Λ
W aµνW˜
aµν , (2)
where Yµν and W
a
µν correspond to the Standard Model Hypercharge and Weak gauge field
strength tensors, and the dual of the field strength tensor is defined as F˜ µν = 1
2
√−g 
µνρσFρσ.
This form of interaction can be present in low energy effective field theories associated with a
Stueckelberg field [18], or the Green-Schwarz mechanism [19], with corresponding UV cut-off
Λ. The coupling of a pseudoscalar inflaton to the Hypercharge term has been found to generate
the observed baryon asymmetry [15–17]. This mechanism provides unique connections between
the cosmological background evolution and particle physics through not only Baryogenesis but
possible gravitational wave signatures through gauge field production, and the seeding of large
scale magnetic fields. Thus, this mechanism provides multiple avenues for observational and
experimental verification.
Despite the successes of inflationary cosmology, it suffers from many unsolved issues. These
include the questions of initial conditions, fine-tuning, the singularity problem, degeneracy
of model predictions, trans-Planckian field values and violation of perturbativity [20]. These
problems have provided motivation for considering alternative cosmologies such as Bounce Cos-
mologies [20–25]. The Bounce scenario postulates a period of space-time contraction prior to the
onset of standard Big Bang cosmology, with these two epochs separated by a bounce through
which the Universe transitions from a period of contraction to the usual expansion phase. One
well-studied example of a Bounce Cosmology is the Ekpyrotic universe which involves a period
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of ultra-slow contraction (ω  1) prior to a bounce [26–36]. A period of Ekpyrotic contrac-
tion can be induced by a fast-rolling scalar field with a negative exponential potential, which
quickly dominates the universe diluting other energy densities, including anisotropies. This
model solves the flatness, horizon and monopole problems, and is capable of generating the
perturbations observed in the Cosmic Microwave Background (CMB). There has been signifi-
cant research and advancement in the details of this alternative cosmology model, with current
observational results being in tension with the simplest models [24]. Ekpyrotic models that
consist of two scalars can help to alleviate these issues, and this may be further resolved with
improved theoretical understanding [33, 34]. This cosmological model provides the interesting
background dynamics of a phase of cosmological contraction and has motivated investigations
into applications to other open cosmological issues - the origin of dark matter, Magnetogenesis
and gravitational waves [37–42].
In this work, we propose a Baryogenesis mechanism that takes place during an Ekpyrotic
contraction phase in a Bounce Cosmology, inspired by pseudoscalar Inflation Baryogenesis
scenarios [13–17]. As proof of concept, a single field Ekpyrotic model will be considered, which
consists of a pseudoscalar field coupled to the Standard Model Hypercharge Chern-Simons
term. The fast-rolling of the pseudoscalar will lead to the generation of a net Chern-Simons
number carried by the gauge fields, providing the possibility for successful Baryogenesis. The
paper will be structured as follows; Section 2 describes the properties of the Ekpyrotic phase.
In Section 3, the model framework and gauge field evolution will be discussed. Section 4
will discuss Baryogenesis via the helicity generated in the Hypermagnetic field during the
contracting phase, and other possible cosmological observables. Finally, in Section 5, we will
conclude with a discussion of the results and future directions for investigation.
2 Ekpyrotic Contraction and Model Description
The known issues with inflation have led to the exploration of possible alternatives to the
usual inflationary paradigm, such as string gas cosmology, bounce, and cyclic models. As with
inflation, these models attempt to solve the flatness, horizon, and monopole problems, and
must be able to source the nearly scale invariant spectrum of temperature fluctuates observed
in the CMB. In what follows, we will focus on a well-known type of bounce cosmology, the
Ekpyrotic bounce, which solves the known cosmological problems, and can potentially resolve
various issues with other bounce models, while providing the benefits over inflation of geodesic
completion, and sub-Planckian field values. This type of contraction phase is a feature of recent
studies into cyclic universe models [36].
The period of contraction in Ekpyrotic cosmology is characterised by a large equation of
state ω  1 prior to a bounce. This can be induced when the universe is dominated by a stiff
form of matter such as a fast-rolling scalar field. During such a contracting phase, the stiff
matter will come to dominate the total energy density of the universe,
ρTotal =
ρk
a2
+
ρmat
a3
+
ρrad
a4
+
ρa
a6
+ ...+
ρϕ
a3(1+ωϕ)
+ ... (3)
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where ρa is the energy density associated with anisotropies, and ρϕ is the energy density of the
fields responsible for the Ekpyrotic contraction. From Eq. (3) it is clear that in a contracting
space-time background the ρϕ term will quickly increase and come to dominate the energy
density of the universe if ωϕ  1. Consequently, a sufficiently long period of ωϕ  1 con-
traction naturally leads to the suppression of any initial or generated curvature and anisotropy
perturbations, while also diluting the initial radiation and matter densities. This is how the
Ekpyrotic phase is able to solve the known cosmological problems, and remove the problem
of the rapid growth of initial anisotropies and any anisotropic instabilities, which can occur in
other bounce scenarios.
To see how an Ekpyrotic contracting epoch can be induced by a rolling scalar field, consider
the following relation for the equation of state parameter for a scalar ϕ,
ω =
1
2
ϕ˙2 − V (ϕ)
1
2
ϕ˙2 + V (ϕ)
. (4)
The equation of state can be ω  1 if,
1
2
ϕ˙2 + V (ϕ) ≈ 0 and 1
2
ϕ˙2 − V (ϕ) & 0 . (5)
A simple way to achieve this, is to have the scalar ϕ fast-roll down a negative exponential
potential, leading to an approximate cancellation in the denominator. That is, a scalar potential
given by,
V (ϕ) ≈ −V0e−
√
2 ϕ
Mp , (6)
where the  parameter shall be referred to as the fast-roll parameter, and where Mp = 2.4 · 1018
GeV is the reduced Planck mass. The relation between the  and ω is found to be,
 =
3
2
(1 + ω) . (7)
The fast-roll parameter can be considered analogous to the inflationary slow-roll parameter
where inf  1, while instead here  1 is required with corresponding fast-roll conditions [43].
Interestingly, there is a seeming duality between the Ekpyrotic and Inflationary regimes through
the respective fast and slow-roll parameters, which is the motivation for the Baryogenesis
mechanism considered here.
The Ekpyrotic action is of the following form,
SEkp =
ˆ
d4x
√−g
(
−1
2
M2pR +
1
2
∂µϕ∂
µϕ+ V0e
−√2 |ϕ|
Mp
)
, (8)
from which can be derived the scale factor during the Ekpyrotic Contraction,
a = (Hbt)
1
 = (Hbτ)
1
−1 , (9)
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and Hubble rate,
H =
Hb
(Hb|τ |) −1
' 1
τ
, (10)
where we fix the bounce point to be at tb = τb =
1
Hb
such that a(τb) = a(tb) = 1, and
t, τ ∈ (−∞, 1
Hb
) during the Ekpyrotic contraction. For large , the contraction rate is very
slow such that t ∼ τ . Through inspection of Eq. (9) and Eq. (10), it is clear that for  1 the
Hubble rate can increase exponentially, while the scale factor shrinks by only an O(1) factor.
Thus, for  ∼ O(100) only a single e-fold of contraction is needed to generate 60 e-folds worth
of perturbations.
In the case of   1, the equations of motion for the ϕ scalar are solved by the scaling
solution [33],
ϕ 'Mp
√
2

ln(−
√
V0τ/Mp) , (11)
and subsequently,
ϕ′ '
√
2

Mp
τ
, (12)
which is expressed in conformal time.
Despite the advantages and simplicity of the scenario described above, the single field Ekpy-
rotic scenario leads to a strongly blue-tilted spectral index which is in significant tension with
current CMB observations [1, 24]. This is one of the main issues of the original formulation of
the Ekpyrotic model, that is alleviated by the introduction of an additional Ekpyrotic scalar
field. If the Ekpyrotic contraction is followed by a period of kinetic dominated contraction
(ω = 1) prior to the bounce, the nearly scale invariant scalar power spectrum in the CMB can
be produced for  ∼ O(100) through the conversion of isocurvature perturbations into adiabatic
perturbations by the additional scalar [44, 45]. This is known as the New Ekpyrotic model, in
which the background evolution is induced by two Ekpyrotic scalars and consists of a non-
singular bounce sourced by a ghost condensate [32–36,46]. In this work we will mainly focus on
the simplest single field form of the Ekpyrotic scenario, but the possibility of a two-field New
Ekpyrotic scenario is parametrised through allowing an early cut-off to Chern-Simons number
production prior to the bounce point, which signifies that the background evolution becomes
dependent upon the second scalar.
The new Ekpyrotic scenario tends to predict relatively large non-gaussianities in the CMB,
compared to inflationary models. This can provide constraints on the background evolution
in combination with the scalar power spectrum. The current best constraints on the non-
gaussianities, from the Planck observations [47], are,
f localNL − 0.9± 5.1 , (13)
while the fNL predicted by the two scalar Ekpyrotic scenario, with a period of kination prior
to the bounce, is [48–50],
fNL ∝
√
 , (14)
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where  ∼ O(100) can successfully produce a nearly scale-invariant scalar power spectrum. The
general form of the kinetic conversion scenario is in some tension with current observations, but
can be resolved via modifications to the scalar sector. In the models presented in Ref. [51,52],
zero non-gaussianities are generated during the Ekpyrotic contraction phase, but rather they
are only produced during the conversion process prior to the bounce. This reduces the non-
gaussianities to fNL ∼ O(1) with dependence on the form of interactions between the two
scalars, and efficiency of the conversion. Thus, increased precision in measurements of the non-
gaussianities alongside improvements in the theoretical understanding of the period around the
bounce point and the Ekpyrotic scalar sector are necessary.
Another characteristic of Ekpyrotic Cosmologies is that they predict a blue-tilted tensor
power spectrum with a small tensor-to-scalar ratio r on CMB scales, that is below current
sensitivities and difficult to measure within the near future [53]. The tensor perturbation
spectrum is given by,
PvT '
4k2
pi2M2p
, (15)
where   1 has been assumed. Thus, if near future experiments such as LiteBIRD [54] are
able to observe a tensor-to-scalar ratio, significant constraints will be applied on the standard
Ekpyrotic scenario. Interestingly, in the Baryogenesis scenario we consider, the fast rolling of
the Ekpyrotic scalar will lead to the enhanced production of gauge fields, via the Chern-Simons
coupling, which may lead to additional high frequency gravitational wave signatures [40, 41];
this will be discussed in Section 4.
3 Gauge Field Dynamics during Contracting Phase
In our model, the field ϕ will be taken to be a pseudoscalar field with the Chern-Simons
coupling to the Standard Model Hypercharge field given in Eq. (2). The fast-rolling of ϕ
induces CP violating dynamics in the gauge field sector generating a non-zero Chern-Simons
number density.
Now that ϕ is taken to be a pseudoscalar, it is necessary to reconsider the form of the
potential such that it preserves P transformations. One possibility is the following,
V (ϕ) =
V0
2 cosh
(√
2 ϕ
Mp
) , (16)
which for large ϕ converges to,
V (ϕ) ≈ −V0e−
√
2
|ϕ|
Mp , (17)
satisfying the scaling solution provided in Eq. (11).
In what follows, the assumption will be made that the motion of ϕ is only negligibly af-
fected by the gauge field sector. This approximation will be justified in Section 4, through the
requirement of a negligible gauge field energy density. We utilise the action in Eq. (8), and
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the subsequent scaling solution given in Eq. (12) to describe the evolution of ϕ. We require
that ϕ˙ > 0, such that the positive frequency gauge field modes are enhanced and a positive B
number is generated.
We investigate the dynamics of the pseudoscalar ϕ coupled to Chern-Simons term of the
Standard Model U(1)Y field in an Ekpyrotic contracting background. The gauge field La-
grangian is given by,
1√−gLg = −
1
4
gµαgνβYµνYαβ − ϕ
4Λ
Yµν Y˜
µν , (18)
where Yµν denotes the Hypercharge strength tensor, with corresponding coupling constant g1,
and Λ is the UV cut-off. The background dynamics are due to the rolling of ϕ with scale factor
and Hubble rate given in Eq. (9) and Eq. (10), respectively.
In conformal coordinates, the metric can be expressed as: gµν = a
2(τ)ηµν , so that the
Lagrangian in Eq. (18) becomes,
L = −1
4
ηµρηνσYµνYρσ − ϕ
8Λ
µνρσYµνY
ρσ . (19)
To allow analytical treatment, we will make the simplified assumption that the back-reaction
on the motion of ϕ due to the production of the gauge field Yi is negligible.
The Lagrangian above leads to the following equation of motion for the Y gauge field,(
∂2τ − ~5
2
)
Y i +
ϕ′(τ)
Λ
ijk∂jYk = 0 , (20)
where the gauge Y0 = ∂iYi = 0 has been chosen.
The Ekpyrotic scalar motion ϕ′ in Eq. (20) is defined by the scaling solution,
ϕ′ =
√
2

Mp
−τ , (21)
which upon substituting into the equation of motion for the Yµ gauge field gives,(
∂2τ − ~5
2
)
Y i +
2κ
−τ 
ijk∂jYk = 0 , (22)
where
κ =
Mp√
2Λ
. (23)
Note, the similarity to the inflationary scenario, in which the instability parameter is defined
as ξ =
√
inf
2
Mp
Λ
[15].
To quantize this model, we promote the Y gauge boson fields to operators and assume that
the boson has two possible circular polarisation states,
Yi =
ˆ
d3~k
(2pi)3/2
∑
α
[
Gα(τ, k)iαaˆ
a
αe
i~k·~x +G∗α(τ, k)
∗
iαaˆ
a†
α e
−i~k·~x
]
, (24)
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where ~± denotes the two possible helicity states of the Y gauge boson (~∗+ = ~−) and the
creation, aˆ†α(~k), and annihilation, aˆα(~k), operators satisfy the canonical commutation relations,[
aˆα(~k), aˆ
†
β(
~k′)
]
= δαβδ
3(~k − ~k′) , (25)
and
aˆaα(
~k)|0〉τ = 0 , (26)
where |0〉τ is an instantaneous vacuum state at time τ .
The mode functions in Eq. (24) are described by the following equation, from Eq. (20),
G′′± +
(
k2 ∓ 2κk−τ
)
G± = 0 . (27)
Interestingly, this wave mode function equation is equivalent to the case when  = 3 and
V (ϕ) ≈ 0 case, which is a contracting kinetic domination epoch with ω = 1. In this case,
whether the background evolution is dictated by ϕ or not, the above wave mode equation is
valid, with κ =
ϕ′b
6ΛHb
, where ϕ′b is the velocity of the scalar at the bounce point. If we were
to consider the case of sub-dominant pseudoscalar with V (ϕ) = 0, and ϕ′(τ) = ϕ′b/a(τ)
2. An
upper limit on the value of ϕ′b, and hence κ, is provided by the requirement that the energy
density of the pseudoscalar does not dominate the background dynamics. Therefore, the results
in Section 4 can be easily reinterpreted to this case.
Solving for the mode functions G± in Eq. (27) gives,
G± =
e−ikτ√
2k
e±piκ/2U (±iκ, 0, 2ikτ) , (28)
where U is a Confluent Hypergeometric functions. This solution has been derived using the
Wronskian normalisation and matched to CP-invariant planewave modes at τ → −∞, described
by,
A±(τ, k) =
1√
2k
e−ikτ . (29)
Now that we have derived the dynamics of the gauge fields during the Ekpyrotic contracting
phase, it is possible to evaluate the net Chern-Simons number generated during the epoch via
a Bogoliubov transformation with the adiabatic vacuum state. In the next section, we explore
the production of the observed baryon asymmetry from helical Hypermagnetic fields induced
by the ϕY Y˜ coupling.
4 Hypermagnetic Field Generation and Baryogenesis
The possibility of Magnetogenesis and Baryogenesis having their origin in the Inflationary epoch
has been studied for many years [15–17, 55–70]. For the baryon asymmetry to be generated
through the hypercharge Chern-Simons term, the helicity produced during the Ekpyrotic phase
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must survive until the Electroweak Phase Transition (EWPT). At the EWPT the large scale
helical hypermagnetic fields are converted into magnetic fields and a B+L asymmetry. As the
evolution of the hypermagnetic fields after reheating will be analogous to that studied in the
Inflationary Baryogenesis scenario, we will follow the analysis therein [16].1
Before proceeding to the calculating the generated baryon asymmetry parameter and the
associated magnetic fields, we find the constraint on the model parameters such that the gauge
field energy density generated by the rolling of ϕ does not come to dominate the background
dynamics during the Ekpyrotic phase, that is 3M2pH
2  ρCS(τ). The energy density produced
by the Chern-Simons coupling at a given τ is approximately given by,
ρYCS(τ) = 〈0|YµνY˜ µν |0〉 '
6
pi
C(κ)(H)4 , (30)
where the Hubble rate is given by Eq. (10), and the integral term C(κ) takes the following
form,
C(κ) =
ˆ 2κ
0
z2(epiκ|U(iκ, 0,−2iz)|2 − e−piκ|U(−iκ, 0,−2iz)|2)dz , (31)
where we will consider values of κ ≥ 1√
2
, which correspond to Λ < Mp. An approximate form
of Eq. (31) can be determined,
C(κ) ∼ 0.007e
2piκ
κ4
, for κ > 1 , (32)
and hence, to ensure that the dynamics of the hypermagnetic fields do not effect the background
evolution induced by ϕ we require that,
Mp 
√
2C(κ)
pi
2|Hc|
 0.07e
piκ
κ2
2|Hc| , for κ > 1 , (33)
where Hc is the Hubble rate at which gauge field production ends, for validity over the entire
Ekpyrotic epoch, and we have also assumed that the number of e-folds of contraction between
τc and τb is small. This constraint will be compared with the requirements on Hc, , and κ for
successful Baryogenesis.
1 The weak gauge field can provide an analogous avenue for Baryogenesis, through the Chern-Simons coupling
in Eq. (2), directly producing a non-zero B+L charge density as ϕ fast rolls. To ensure this nB+L is not washed
out by B + L violating sphalerons after reheating, we can introduce a single heavy right-handed neutrino that
is in thermal equilibrium prior to the onset of equilibrium sphaleron processes, i.e. Trh > mνR > Tsphal ∼ 1012
GeV. The excess L of the net B + L charge is removed by the lepton violating Majorana mass term of the
right-handed neutrinos, leaving a net B which is subsequently redistributed by equilibrium sphaleron processes
in the known way. Although this process is more efficient at producing the baryon asymmetry than that via
the Hypercharge, the non-abelian nature of the weak gauge field will lead to additional back-reaction effects,
with the linearised approximation gW 2  ∂W beginning to breakdown for κ & 1. A more detailed analysis of
this scenario is required to ensure successful Baryogenesis is possible.
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We allow for the possibility that the generation of Hypermagnetic field helicity is cut-off
prior to the bounce point, parametrised by Hc with |Hc| ≤ |Hb|. This scenario can occur if
there exists an additional Ekpyrotic scalar which begins to dominate over the original Ekpyrotic
scalar, leading to a bend in the trajectory of the scalar field space. This can then lead to a
period of kinetic dominated contraction (ω = 1) prior to the bounce, during which one of
the fields ϕ quickly comes to a stop. If this is the pseudoscalar, the time dependence of the
CP violating term disappears ending the gauge field production. This form of the scenario
may play a role in suppressing the non-gaussianities normally produced in the New Ekpyrotic
Scenario [48–52], as discussed in Section 2.
The Hypermagnetic helicity generated during the Ekpyrotic phase is assumed to be un-
changed across the bounce point, and is matched to the end of the reheating epoch, which
is taken as instantaneous and characterised by temperature Trh. The exact dynamics of the
bounce are model-dependent, and are expected to have only a minor effect on the generated
asymmetry, as the bounce is assumed to be smooth and entropy conserving. Any such effects
are parametrised in the case |Hc| < |Hb|.
We perform a Bogoliubov transformation between the wave mode functions of Eq. (28) and
Eq. (29), and only consider wave numbers that satisfy −kτ < 2κ, the modes which contribute
significantly to the asymmetry between circular polarisations. The magnetic field at the end of
reheating is defined as,
Brh(τ)
2 =
1
2pi2
ˆ 2κ|Hc|
µ
k4(|G+(τ)|2 − |G−(τ)|2)dk
' 1
4pi2
(H)4D(κ) , (34)
where,
D(κ) =
ˆ 2κ
0
z3(epiκ|U(iκ, 0,−2iz)|2 − e−piκ|U(−iκ, 0,−2iz)|2)dk , (35)
which for κ > 1 is approximately given by,
D(κ) ∼ 0.015e
2piκ
κ5
∼ 2
κ
C(κ) . (36)
Thus, the magnetic field at the end of reheating is,
Brh(τb) ' 1
2pi
(Hc)
2
√
2C(κ)
κ
, (37)
while the correlation length of these magnetic fields can be approximated as an average of the
wavelengths, according to the size of their contributions to the magnetic field energy density,
λrh(τb) = 2pi
´ 2κ|Hc|
µ
k3(|G+(τ)|2 − |G−(τ)|2)dk´ 2κ|Hc|
µ
k4(|G+(τ)|2 − |G−(τ)|2)dk
' 4piκ
|Hc| . (38)
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The detailed analysis of the evolution of the magnetic field in the thermal plasma from
reheating to the EWPT is beyond the scope of this work, and as such we utilise the results from
the pseudoscalar Inflationary Baryogenesis scenario [16,69]. The baryon asymmetry parameter
produced at the EWPT from the magnetic field and correlation length given in Eq. (37) and
(38) respectively, is,
ηB ' 5 · 10−12f(θW , TBAU)C(κ)
(
Hc
Hb
)3(
2|Hb|
1014 GeV
)3/2
, (39)
where f(θW , TBAU) parametrises the time dependence of the hypermagnetic helicity as baryon
number is generated during the EWPT. There is significant uncertainty in the value this func-
tion takes during the EWPT, with expected values lying within the range [16],
5.6 · 10−4 . f(θW , TBAU) . 0.32 , (40)
for the Baryogenesis temperature TBAU ∼ 135 GeV. Hence, the generated baryon asymmetry
in our model lies in the range,
C(κ)
(
Hc
Hb
)3(
2|Hb|
1017 GeV
)3/2
<
ηB
ηobsB
< C(κ)
(
Hc
Hb
)3(
2|Hb|
1.5 · 1015 GeV
)3/2
. (41)
Figure 1: Examples of the parameter regions ofHb,  and κ that lead to successful Baryogenesis.
The shaded regions subtended by the solid, dotted and dashed black lines depict the κ =
1, 3, and 5 results respectively. The upper bounds correspond to the lower expectation of
hypermagnetic field helicity to baryon number conversion, and vice versa.
The parameters required for successful Baryogenesis can be tested against the energy density
constraint given in Eq. (33). First consider the constraints on 2Hb from Eq. (41) for the case
of gauge field production until the bounce point, Hc = Hb,
1.5 · 1015 GeV
C(κ)2/3
< 2|Hb| < 10
17 GeV
C(κ)2/3
, (42)
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hence, considering the maximum value, Eq. (33) becomes,
C(κ)
1
6  0.05 , (43)
which is easily satisfied for κ > 1. Therefore, the energy density constraint does not constrain
on the parameter space when considering hypermagnetic field helicity generation up to the
bounce point, and subsequent successful generation of the observed baryon asymmetry. Figure
1, depicts the parameter regions of successful Baryogenesis for different values of κ. Once
κ > 5, it becomes difficult to reconcile the parameters of Hb and  with the requirements of a
consistent Ekpyrotic background evolution.
Figure 2: The allowed parameter space of Hc,  and κ that leads to successful Baryogenesis
and satisfies the energy density constraint, where Trh = 10
15 GeV and Hb ' 1012 GeV has
been selected. The left-hand and right-hand plots correspond to the lower and upper limits of
Eq. (41), respectively. The dot-dashed grey line corresponds to the maximum energy density
constraint given in Eq. (46), while the upper limit on Hc is where Hc = Hb. The solid, dotted
and dashed black lines depict the κ = 1, 3, and 5 cases respectively.
In the case of |Hc| < |Hb|, there is the following constraint due to successful Baryogenesis,
1
C(κ)1/3
√
1.5 · 1015 GeV
|Hb| <
Hc
Hb
<
1
C(κ)1/3
√
1017 GeV
|Hb| , (44)
which in combination with the energy density constraint of Eq. (33) becomes the κ-independent
bound for the minimum and maximum of Eq. (40), respectively,
Hc
Hb
 Trh
2.5 · 1020 GeV , and
Hc
Hb
 Trh
1023 GeV
. (45)
In Figure 2, the parameter space for successful Baryogenesis and consistency with Eq. (45)
is plotted, where the reheating temperature has been fixed to Trh ∼ 1015 GeV. In this case, the
energy density constraints used are,
Hc
Hb
& 4 · 10−4 , and Hc
Hb
& 10−6 , (46)
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which leaves significant parameter space that can produce the observed baryon asymmetry.
These two scenarios generate large scale galactic magnetic fields. The evolution of the
magnetic field and correlation length after the EWPT to the present day, is derived as,
B0p ' 2 · 10−18 G C(κ)1/3
Hc
Hb
(
2Hb
1013 GeV
)1/2
, (47)
and
λ0p ' 6 · 10−5 pc C(κ)1/3
Hc
Hb
(
2Hb
1013 GeV
)1/2
. (48)
Applying the parameters required for successful Baryogenesis given in Eq. (41), the present
day magnetic fields have magnitude and correlation length within the following ranges,
2.4 · 10−17 G < B0p < 2 · 10−16 G , (49)
and
7 · 10−4 pc < λ0p < 6 · 10−3 pc , (50)
with the upper and lower bound corresponding to the lower and upper limits of Eq. (40),
respectively. These magnetic fields can lead to interesting observational signatures due to their
helical nature [71]. The magnitude of these magnetic fields are below the current upper limits,
but unfortunately are too small to explain the current Blazar results.
It should be noted that the present day magnetic fields that result from successful Baryoge-
nesis in this Ekpyrotic mechanism are consistent with those for the Inflationary Baryogenesis
scenario. Thus, observational results besides the magnetic fields and successful Baryogenesis
are required to differentiate the two models. One avenue to achieve this is through gravitational
waves, through measurements of the tensor-to-scalar ratio on CMB scales, and possible higher
frequency chiral gravitational wave signatures produced by the gauge field production [40, 72].
As discussed in Section 2, the discovery of a tensor-to-scalar ratio in near future CMB experi-
ments could place significant constraints on the Ekpyrotic scenario [54].
The enhanced production of gauge fields is known to be able to generate unique gravitational
signatures [40, 72], which can provide an additional avenue for observational testing of these
models. To see whether this leads to observational consequences in our model, we can compare
the chiral gravitational waves sourced by the Hypermagnetic field generation by the fast rolling
of ϕ with those that are characteristic of Ekpyrotic Cosmologies, given in Eq. (15). The
gravitational waves produced by gauge field production during an Ekpyrotic contraction phase
have been calculated in Ref. [40], and found to exhibit a bluer spectrum than that already
predicted in Ekpyrotic Cosmology. Namely,
PsT ' 3.3 · 10−7
e4piκ
κ2
k3Hb
M4p
, (51)
for  1. Given that the two components of the gravitational wave spectrum are independent,
PTotalT (k) = PvT (k)+PsT (k), it is then possible to determine when the gravitational waves sourced
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from the gauge field production become important. The frequency range of observational
interest, for which PsT (k) ≥ PvT (k) and successful Baryogenesis is achieved, is given by,
300 MHz
(κ
5
)8/3
e
2pi
3
(5−κ) > f > 31 kHz
( 
25
)3 (κ
5
)−2
e2pi(5−κ) , (52)
where the upper bound for successful Baryogenesis in Eq. (42) has been utilised. For the lower
bound of Eq. (42), the frequency range of interest is bounded by,
37 MHz
(κ
5
)8/3
e
2pi
3
(5−κ) > f > 16 MHz
( 
25
)3 (κ
5
)−2
e2pi(5−κ) , (53)
where in both scenarios the upper frequency limit is derived from the cut-off kτb = 2κ, above
which the effects of gauge field amplification are suppressed. For there to be significant obser-
vational consequences of the sourced gravitational waves, we require that κ is large,  is sup-
pressed, and that the conversion of the Hypermagnetic field to baryon number at the EWPT is
inefficient; as shown in Eq. (52). In this regime, the frequencies of interest tend to be higher,
and require greater sensitivities, than those probed by existing experiments. Therefore, the
gauge field production can generate features in the high frequency region of the gravitational
wave spectrum, which if possible to probe in future could provide important information about
the details of the Ekpyrotic mechanism. Although we have only mentioned the Hc = Hb case,
similar conclusions can likely be drawn for the Hc < Hb, dependent upon the details of the
model.
Improved precision in the measurement of non-gaussianities and a detailed analysis of the
predictions in this Ekpyrotic scenario, may play a key role in constraining the allowed pa-
rameter space for Baryogenesis. As discussed in Section 2, the non-gaussianities produced in
Ekpyrotic Cosmology can be consistent with current observational measurements. However,
in our scenario, additional non-gaussianities could be sourced by the Chern-Simons coupling
between the Ekpyrotic scalar and Hypermagnetic field, possibly providing further avenues for
testing the allowed parameter space. Given the dependence of this contribution on the details
of the scalar sector, the period around the bounce point, and the possible utilisation of current
mechanisms for reducing non-gaussianities in Ekpyrotic models, this will require a dedicated
analysis that is to be completed in future work.
5 Conclusion
The Ekpyrotic cosmological model is able to provide solutions to the known cosmological prob-
lems as well as those associated with inflationary cosmology. We have proposed a mechanism
for Baryogenesis that takes place during an Ekpyrotic contracting phase, prior to the bounce
and onset of the standard radiation dominated epoch. If the evolution of the universe becomes
dominated by a fast-rolling pseudoscalar with a negative exponential potential, a period of
Ekpyrotic contraction can begin characterised by the equation of state ω  1. Coupling this
pseudoscalar to the Standard Model Hypercharge gauge group, through a Chern-Simons term,
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leads to the generation of a non-zero Chern-Simons number density prior to the bounce point.
The size of the produced Chern-Simons number density is found to explain the observed baryon
asymmetry for a wide range of reasonable parameter choices.
The large range of allowed parameters bodes well for successful Baryogenesis with a more
detailed analysis required to understand the full gauge field dynamics during the contract-
ing phase, and possible back-reaction or suppression effects. In general, the non-gaussianities
generated in Ekpyrotic models can be too large to be consistent with observation, unless a
period of kination is induced by a secondary scalar field prior to the bounce. The presence
of a second Ekpyrotic scalar motivated the consideration of the scenario of |Hc| < |Hb| in our
analysis, in such a case the Chern-Simons number generation will end when the background
trajectory becomes dominated by this secondary scalar. This scenario gives a wide validity
region in the parameter space for Baryogenesis, with constraints derived from the requirement
of sub-dominance of the gauge field energy density.
The Hypercharge Chern-Simons coupling generates large scale magnetic fields, although the
resultant magnitude and correlation length present today is unable to explain the Blazar results
and Baryogenesis simultaneously. To do this would require an extra source of suppression of
the conversion of hypercharge helicity to baryon asymmetry at the EWPT. The present day
magnetic field predictions in our model are consistent with those of the analogous inflationary
Baryogenesis scenario, further pointing to the duality of the slow and fast-roll parameters. This
makes it difficult to distinguish between the two scenarios without additional observational pre-
dictions. Some avenues for differentiation are through the tensor-to-scalar ratio, high frequency
gravitational waves and non-gaussianities; with improved precision of measurements and theo-
retical developments being required. These scenarios warrant further investigation due to their
rich phenomenology and the wide ranging implications for our understanding of the evolution
of the early universe.
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